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The C. elegans zyg-1 Gene Encodes a Regulator
of Centrosome Duplication with Distinct Maternal
and Paternal Roles in the Embryo
tion by focusing on the changes in centriole morphology
during the cell cycle (Kuriyama and Borisy, 1981). Dupli-
cation generally begins during G1 when the two centri-
oles of a pair lose their orthogonal arrangement and
move apart. Near the G1-S transition, daughter centriole
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one level, major cell cycle regulators keep duplication
in phase with other cell cycle events. The initiation of
centrosome duplication requires the cyclin-dependentSummary
kinase Cdk2 in a complex with either cyclin E or cyclin
A (Hinchcliffe et al., 1999; Lacey et al., 1999; MatsumotoCentrosome duplication is a critical step in assembly
et al., 1999; Meraldi et al., 1999). Cdk2-E exerts controlof the bipolar mitotic spindle, but the molecular mecha-
through phosphorylation of nucleophosmin/B23, a cen-nisms regulating this process during the cell cycle and
trosome-resident protein (Okuda et al., 2000). Cdk2-E ac-during animal development are poorly understood. Here,
tivity is also involved in initiating DNA replication (Jack-we report that the zyg-1 gene of Caenorhabditis elegans
son et al., 1995), and may coordinate these two events.is an essential regulator of centrosome duplication.
A second “intrinsic” level of control operates at the levelZYG-1 is a protein kinase specifically required for
of the centrosome itself to limit replication to one eventdaughter centriole formation that localizes transiently
per cell cycle (Sluder and Hinchcliffe, 1999). Classicalto centrosomes and acts at least one cell cycle prior
experiments on marine invertebrates have shown thatto each spindle assembly event. In the embryo, ZYG-1
centrosomes with normal reproductive capacity can beparticipates in a unique regulatory scheme whereby
split into two “half” centrosomes, each of which is capa-paternal ZYG-1 regulates duplication and bipolar spin-
ble of organizing a monopolar spindle but is incapable ofdle assembly during the first cell cycle, and maternal
further subdivision (Mazia et al., 1960; Sluder and Rieder,ZYG-1 regulates these processes thereafter. ZYG-1 is
1985). These half centrosomes can regain full reproduc-therefore a key molecular component of the centro-
tive capacity; two cell cycles after splitting, they dupli-some/centriole duplication process.
cate, and bipolar spindles are organized. These obser-
vations led to the proposal that the centrosome is aIntroduction
duplex of two “polar organizers” and that duplication
involves splitting of the duplex, followed by a replicationThe centrosome is the cell’s primary microtubule or-
step that restores the duplex state to each half centro-ganizing center (MTOC) and consists of two orthogo-
some (Mazia et al., 1960). Morphologically, the polarnally apposed centrioles surrounded by microtubule-
organizers seem to correspond to the centrioles. Sludernucleating pericentriolar material (Urbani and Stearns,
and Rieder (1985) have shown that centrosomes with
1999). The centrosome duplicates once per cell cycle.
full reproductive capacity contain two centrioles and
During mitosis, the two daughter centrosomes organize
half centrosomes contain a single centriole.
the spindle poles, and at telophase, each is partitioned The question of how the molecular mechanisms that
to one of the daughter cells. The precise pattern of control duplication operate during the development of
duplication and segregation ensures spindle bipolarity. a multicellular organism is also of interest. Fertilization
While recent results indicate that centrosomes are not is particularly problematic. If each gamete contributed
absolutely essential for bipolar spindle assembly (Heald a centriole pair, duplication during first interphase would
et al., 1996; Khodjakov et al., 2000), in many instances result in four centrosomes and ultimately a tetrapolar
the number of centrosomes dictates spindle morphol- spindle (Schatten, 1994). To avoid this problem, centri-
ogy. This is evident not only from the spindle defects oles are inherited uniparentally, i.e., the lineage of the
that result from duplication or separation failures (Mazia centrioles can usually be traced back to one of the ga-
et al., 1960; Mountain et al., 1999), but from the multipo- metes, usually the sperm (Albertson, 1984; Schatten,
lar spindles that form in the presence of extra centro- 1994). Since early embryonic development is almost en-
somes (Sluder et al., 1997). tirely under maternal control (St Johnston and Nusslein-
Despite the obvious importance of maintaining the Volhard, 1992; Wood and Edgar, 1994), replication of
correct number of centrosomes, only a superficial un- the paternally inherited centrioles during the events of
derstanding of centrosome duplication is in hand. Early fertilization requires coordination between the maternal
work provided an ultrastructural description of duplica- and paternal germ lines.
Mutations in the zyg-1 gene of C. elegans block cell
division at all stages of development (O’Connell et al.,5 Correspondence: kfoconne@facstaff.wisc.edu
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Table 1. Genetic Analysis of zyg-1 Paternal-Effect Lethality
Temperature
Before After Frequency of
N2 mated with: Cross # Fertilizationb Fertilizationc viable offspring (n)a
zyg-1(oj7) 1 258C 258Cd 0.0086 (1162)
2 258C 168C 0.075 (910)
3 168C 258C 1.0 (571)
zyg-1(oj7)/1 4 258C 258C 0.99 (1341)
zyg-1(oj7)/ccDf5 5 258C 258C 0.033 (366)
zyg-1(b1) 6 258C 258Cd 0.18 (946)
7 258C 168C 0.37 (724)
8 168C 258C 0.99 (392)
zyg-1(b1)/1 9 258C 258C 0.99 (938)
zyg-1(b1)/ccDf5 10 258C 258C 0.13 (1478)
a Viability of outcross offspring was calculated as follows: (number of progeny males 32)/(dead eggs 1 number of progeny males 32).
b Temperature prior to and during mating.
c Temperature after mating during egg laying.
d In some cases, the restrictive temperature of 208, rather than 258, was used.
1998). Here, we identify ZYG-1 as an obligate compo- or zyg-1(b1) are exposed to the restrictive temperature
at the onset of adulthood, all self-progeny die. Analysisnent of the centrosome replication machinery. zyg-1 is
required at least one cell cycle prior to each mitosis. of the progeny by four-dimensional (4D) microscopy re-
vealed that each mutation produces two classes of mu-During fertilization, paternal and maternal ZYG-1 partici-
pate in a unique regulatory scheme that ensures the tant embryos. Embryos of the first class exhibit a block
in spindle assembly at the one-cell stage, while thoseorderly replication of centrioles as they transit from a
paternally controlled environment to a maternally con- of the second class exhibit a block at the two-cell stage.
To understand the specific role of zyg-1 in spindletrolled one. We also show that ZYG-1 is a protein kinase
that localizes to centrosomes near the time of duplica- assembly, we analyzed the spindle defect in more detail
using both light and electron microscopy. Mutant em-tion. We have thus identified an essential centrosome/
centriole replication factor and provided a description bryos were immunofluorescently labeled for tubulin and
stained with OliGreen to visualize DNA. In contrast to theof how its activity is regulated during fertilization to
maintain a constant centrosome number. bipolar mitotic figures observed in wild-type embryos
(Figures 1A and 1C), mutant embryos often contained
monopolar mitotic spindles (Figures 1B and 1D). Consis-Results
tent with our observations of live zyg-1 mutant embryos,
we observed monopolar spindles in both one-cell (Fig-zyg-1 Is Required for Daughter Centriole Formation
The zyg-1 gene was identified in two maternal-effect em- ure 1B) and two-cell (Figure 1D) embryos, each ap-
pearing as a large radial array of microtubules organizedbryonic-lethal screens (Kemphues et al., 1988; Wood et al.,
1980), and in a third screen for mutants with both em- about a spherical nonstaining center with chromosomes
located at the periphery.bryonic and postembryonic cell lineage defects (O’Con-
nell et al., 1998). We previously analyzed zyg-1 mutant We next analyzed the zyg-1 monopolar spindles by
transmission election microscopy (TEM). Monopolar fig-embryos by differential interference contrast (DIC) mi-
croscopy. These studies revealed a defect in cell divi- ures may arise through either a defect in centrosome
reproduction or separation. In the former case, onesion, marked by failure to form a bipolar mitotic spindle,
although cell cycle progression appeared normal, as the would expect only a pair of centrioles to be present at
the single spindle pole, while in the latter case, onecells continued to synthesize DNA and enter abortive
mitoses at regular intervals (O’Connell et al., 1998). In would expect more than one pair. To distinguish be-
tween these possibilities, we analyzed serial thin sec-such cells, only a single MTOC is detectable, and during
mitosis, this MTOC organizes a monopolar spindle. tions and reconstructed the entire spindle pole of 3 zyg-1
monopolar spindles and part of an additional monopole.The temperature-sensitive mutations zyg-1(oj7) and
zyg-1(b1) are the two strongest loss-of-function alleles. One of these monopolar spindles is shown at low magni-
fication in Figure 2A. Surprisingly, we found that zyg-1zyg-1(oj7) behaves essentially as a null at the restrictive
temperature; i.e., homozygotes exhibit defects that are monopoles contained neither one nor multiple pairs of
centrioles but instead a single unpaired centriole (Fig-as severe as those exhibited by animals carrying zyg-1
(oj7) in trans to a deficiency (see Table 1 for example). ure 2B). The centrioles exhibited the typical morphology
of nematode centrioles, being composed of singlet mi-When zyg-1(oj7) is placed in trans to any other zyg-1
allele, the defects that are observed are nearly as severe crotubules rather than the triplet microtubules found in
most other organisms (Wolf et al., 1978). No other cen-as when the same allele is placed in trans to a deficiency
(data not shown). trioles were found within the mass of converged micro-
tubules, and the singlets did not appear to be associatedWhen hermaphrodites homozygous for either zyg-1(oj7)
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Figure 1. zyg-1 Is Required for Bipolar Spin-
dle Assembly
Confocal projections of embryos stained for
b-tubulin (red) and DNA (blue). Anterior is at
left in all panels.
(A) Bipolar spindle of wild-type embryo, one-
cell stage.
(B) Monopolar spindle of zyg-1(b1) embryo,
one-cell stage.
(C) Bipolar spindles of wild-type embryo, two-
cell stage.
(D) Monopolar spindles of zyg-1(b1) embryo,
two-cell stage. Bar, 10 mm.
with a procentriole. Two of the embryos we examined to wild-type hermaphrodites at the restrictive tempera-
ture and assaying the viability of outcross offspring. Aswere unicellular while the other two were multicellular;
therefore, the same defect is apparent at different stages shown in Table 1 (cross #1), nearly all the offspring of
these crosses failed to hatch. This phenotype was re-of embryogenesis. As a control, we sectioned wild-type
spindles and in all three cases found a pair of centrioles cessive, as heterozygous males did not produce a phe-
notype (cross #4). To determine if this paternal-effect(Figure 2C). We conclude that ZYG-1 is specifically re-
quired for daughter centriole formation. lethality was due to a loss of zyg-1 function, we mated
wild-type hermaphrodites to males carrying zyg-1(oj7)
in trans to a deficiency (cross #5). As expected for aPaternal zyg-1 Activity Is Required for Centrosome
Duplication during the First Cell Cycle loss-of-function phenotype, these males produced a pa-
ternal-effect lethal phenotype, similar in severity to thatAnalyses of all zyg-1 alleles reported to date demon-
strate that embryos have a strict requirement for mater- of the homozygote. Similar results were obtained for a
weaker allele, zyg-1(b1), indicating that the paternal-nally expressed zyg-1 (Kemphues et al., 1988; O’Connell
et al., 1998; Wood et al., 1980), i.e., the cross progeny effect lethality was characteristic of zyg-1 loss-of-func-
tion mutations (crosses #6, #9, and #10). For simplicity,of wild-type males and mutant hermaphrodites fail to
hatch. While maternally expressed zyg-1 is absolutely we refer to embryos lacking paternal ZYG-1 as zyg-1pat
embryos.essential for embryogenesis, whether paternal zyg-1 is
required has not been addressed. Since centrioles are We next investigated the cytological bases for the
paternal-effect lethal phenotype. zyg-1 mutant malesinherited paternally in C. elegans (Albertson and Thom-
son, 1993), we investigated a role for paternal zyg-1. Pater- were mated to wild-type hermaphrodites and the first
several rounds of cell division in the resulting outcrossnal zyg-1 activity was blocked by mating zyg-1(oj7) males
Figure 2. zyg-1 Mutations Block Daughter
Centriole Formation
(A) TEM image of zyg-1(b1) monopolar spin-
dle. Note single pole surrounded by a ring of
chromosomes. Bar, 1.0 mm.
(B) High magnification view of spindle pole in
(A) showing centriole singlet. Bar, 100 nm.
(C) Wild-type spindle pole with centriole pair.
Bar, 100 nm.
(D and E) Sperm centrioles (arrows). Wild-
type sperm (D) with centriole pair and zyg-
1(oj7) sperm (E) with a single centriole. Bars,
100 nm.
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Figure 3. Paternal ZYG-1 Regulates Centrosome Duplication during the First Cell Cycle
(A and B) Time-lapse DIC series from 4D analysis of wild-type (A) and zyg-1(oj7)pat (B) embryos. From left to right, frames show first interphase,
first mitosis, second interphase, second mitosis, third interphase, and fourth interphase/mitosis. Spindle poles are indicated with arrowheads.
Note that the zyg-1pat embryo fails to divide during first mitosis but does so during the second cell cycle.
(C and D) Time-lapse series from two-photon imaging of b-tubulin:GFP in wild-type (C) and zyg-1(oj7)pat (D) embryos. From left to right, frames
show first interphase (pronuclear apposition), first mitosis, second interphase, early second mitosis, late second mitosis. The last two panels
in (C) show the spindles of the anterior and posterior blastomeres while the last two panels in (D) show the single bipolar spindle of the zyg-
1pat embryo at early and late time points. Anterior to left in all panels. Bar, 10 mm.
embryos were analyzed by 4D DIC microscopy. All 5 zyg- and during late mitosis, the aster began to move rapidly
about the cell. Eventually, the spindle dispersed, orga-1pat embryos examined exhibited a similar phenotype. In
comparison to the wild type (Figure 3A), all events lead- nized microtubules disappeared, and nuclear envelopes
reformed. Shortly thereafter, two discrete microtubuleing up to nuclear envelope breakdown appeared normal
in zyg-1pat embryos (Figure 3B), but the first attempt at organizing centers appeared (Figure 3D). Both were al-
ways associated with a single micronucleus indicatingcell division failed due to the absence of a bipolar spin-
dle. A single astral array of microtubules formed near a common origin. These asters gradually grew in size,
and during the ensuing mitosis formed a bipolar spindlethe center of the zygote. Late in mitosis, this array moved
rapidly about the cell and eventually disappeared as a comparable in size to that of the first mitotic spindle.
These spindles often contained bundles of astral micro-variable number of nuclei formed around the dispersed
chromatin. To our surprise, during the next mitosis, a tubules that appeared to form under the influence of
free chromatin that had not become incorporated intobipolar spindle formed and the embryo divided in two
(Figure 3B). During each subsequent division, bipolar the spindle. Nevertheless, these spindles were able to
undergo anaphase movements and the cells were ablespindles formed and each blastomere divided to form
two daughter cells. An identical phenotype was ob- to divide more or less normally. As these embryos lacked
only the paternal component of zyg-1, these resultsserved among the zyg-1pat progeny of zyg-1(b1) males.
To confirm and extend these findings, we mated zyg- demonstrate that paternal zyg-1 is required for centro-
some duplication during the first cell cycle but is not1(oj7) males with hermaphrodites expressing a b-tubulin:
GFP fusion protein and analyzed early development by required during the second cell cycle.
multiphoton microscopy. In embryos from unmated her-
maphrodites, two sperm asters were visible soon after Paternal zyg-1 Activity Is Required
before Fertilizationfertilization (Figure 3C). These were initially associated
with the sperm pronucleus (not shown), and later after The above results define the first cell cycle as being
under paternal control, while our ultrastructural analysispronuclear migration, with the two pronuclei. At mitosis,
the pronuclei broke down and each sperm aster formed demonstrates that the monopolar spindles of one-cell
embryos contain a single centriole. However, in C. eleg-one pole of the first mitotic spindle. Strikingly, in zyg-1pat
embryos, only a single sperm aster could be detected ans, sperm normally deliver a centriole pair to the em-
bryo at fertilization (Albertson, 1984). This suggests that(Figure 3D). A similar series of events occurred in all 3
embryos examined. The single aster was initially associ- paternal zyg-1 might be needed before fertilization for
the synthesis of a second sperm centriole. To investigateated with the sperm pronucleus, and at pronuclear ap-
position, it became positioned between the two pronu- this, we determined the temperature-sensitive period
(TSP) for paternal ZYG-1 activity. zyg-1(oj7) males wereclei. Following nuclear envelope breakdown, the aster
organized a monopolar spindle at the center of the cell, mated to wild-type hermaphrodites at the restrictive
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temperature, after which the mated hermaphrodites normally. Prior to pronuclear envelope breakdown, all
zygotes clearly possessed two centrosomes, and duringwere transferred to the permissive temperature and al-
the first mitosis, a bipolar spindle. During the secondlowed to lay eggs. Under this temperature regime, sper-
cell cycle we observed bilateral failure of centrosomematogenesis occurs at the restrictive temperature while
duplication in all two-cell embryos. We next exposedembryogenesis occurs at the permissive temperature.
mutant hermaphrodites to the restrictive temperatureUnder these conditions, the great majority of progeny
prior to the start of spermatogenesis (at the L3 larvalfailed to hatch (Table 1, cross #2). Conversely, we carried
stage). All the progeny (n 5 11) of these animals failedout mating at the permissive temperature and egg laying
in centrosome duplication during the first cell cycle. Aat the restrictive temperature so that paternal zyg-1 was
bipolar spindle was absent and the embryos failed toinactivated only during embryogenesis. Under these
divide. Centrosome duplication likewise failed duringconditions, all progeny lived, indicating that paternal
the next cell cycle in all embryos examined. Thus, thezyg-1 is specifically required before fertilization (Table 1,
TSP for duplication of the first centrosome correlatescross #3). These results were confirmed by analyzing
with the timing of hermaphrodite spermatogenesis. Tothe zyg-1(b1) allele. As shown by crosses #7 and #8,
confirm that duplication during the first cell cycle wasthe TSP for the zyg-1(b1) allele was identical to that
strictly under paternal control, we shifted another groupof zyg-1(oj7). For some conditional mutations, the TSP
of hermaphrodites to the restrictive temperature duringindicates the time at which the protein is synthesized
the L3 stage and then mated them to wild-type malesrather than the time at which it is needed. This is unlikely
before analyzing progeny. In C. elegans, male spermin the present case because we have obtained identical
out-compete hermaphrodite sperm, so that most of theresults with two independent zyg-1 alleles. Furthermore,
embryos produced after mating are outcross progeny.we have determined that both alleles are missense mu-
Among the ten progeny examined in this group, 80%tations (see below), making it unlikely that they affect
executed centrosome duplication normally during theeither transcription or translation of the zyg-1 gene.
first cell cycle. However, in every case, duplication failedThus, paternal ZYG-1 appears required for the synthesis
during the second cell cycle. As this group of embryosof daughter centrioles prior to fertilization.
lacked only the maternal component of zyg-1, theseTo confirm the above results, we performed thin sec-
results demonstrate that maternal zyg-1 is required fortion TEM analysis on zyg-1pat sperm. In contrast to wild-
duplication after the first cell cycle but plays no role intype sperm, which contain a pair of centrioles (Fig-
the initial duplication event. Furthermore, our ultrastruc-ure 2D), all three zyg-1(oj7) sperm examined contained
tural analysis of multicellular embryos reveals that ma-only a single centriole (Figure 2E). Thus, ZYG-1 functions
ternal zyg-1 is required at this time for daughter centriolein both sperm and embryo to control assembly of daugh-
assembly.ter centrioles.
Cloning of zyg-1Maternal zyg-1 Activity Regulates Centrosome
We positionally cloned zyg-1 to determine its molecularDuplication during Later Cell Cycles
identity. We mapped zyg-1 between clr-1 and lin-4Our results suggest a distinct division of labor between
(whose positions on the physical map had been pre-
the maternal and paternal germ line in regulating centro-
viously established) on the left arm of chromosome II
some duplication in the embryo. That is, duplication
(Figure 4). Cosmids that spanned the 430 kb between
during the first cell cycle is paternally controlled, while these two genes were introduced into zyg-1(b1) her-
thereafter, duplication is presumably maternally con- maphrodites by germ-line transformation (Mello and
trolled. Such distinct regulatory roles were not evident Fire, 1995), and the resulting transgenic lines tested
in our initial analysis of the zyg-1 mutant phenotype for rescue of the embryonic lethal phenotype. A single
(O’Connell et al., 1998) because we performed this anal- transgenic line established with the cosmid F59E12 was
ysis using mutant hermaphrodites where both sperm found to exhibit weak but significant rescue of the em-
and egg are affected. C. elegans hermaphrodites first bryonic lethal phenotype; 3 of 143 transgenic hermaph-
produce sperm during the last (L4) larval stage. After rodites produced some viable offspring at the restrictive
roughly 300 sperm are produced, the hermaphrodites temperature. In addition, 4 of 7 lines carrying the over-
permanently switch over to the production of oocytes lapping cosmid C08D10 showed evidence of rescue.
(Kimble and Ward, 1988). The sperm, which are stored In contrast, nontransformed zyg-1(b1) hermaphrodites
internally, are used to fertilize the oocytes. Since our were never observed to produce any viable progeny
initial analyses on the temperature-sensitive alleles were (n . 500). Weak rescue was anticipated as transgenes
performed by shifting hermaphrodites to the restrictive introduced by the conventional methods employed here
temperature during the L4 stage, it seemed likely that are known to be poorly expressed in the germ line (Mello
a fraction of the sperm were produced in the absence and Fire, 1995). To confirm rescue, we tested the same
of zyg-1 activity. This could explain the two classes of transgenic line for rescue of zyg-1(b1) sterility, a zygotic
mutant embryos. phenotype produced when mutant animals are exposed
To clarify the maternal role of zyg-1 in regulating em- to the restrictive temperature during postembryonic de-
bryonic centrosome duplication, we reanalyzed the velopment. F59E12 conferred strong rescue of this de-
progeny of zyg-1(b1) hermaphrodites. We first shifted fect. Whereas 83% (n 5 30) of nontransformed larvae
hermaphrodites to the restrictive temperature after the developed into sterile adults when raised at 258C, only
end of spermatogenesis (as adults) and then analyzed 12% (n 5 34) of the transgenic animals became sterile.
the progeny by 4D DIC microscopy. Under these condi- Furthermore, five of these produced a second genera-
tion at high temperature.tions all progeny (n 5 16) executed the first division
Cell
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Figure 4. Positional Cloning of zyg-1
(Top) Genetic map. Position of zyg-1 is indi-
cated relative to flanking genes.
(Middle) Physical map of the zyg-1 region.
The indicated cosmids were tested for rescue
of the zyg-1 embryonic lethal phenotype with
the following results (number of rescuing lines/
total lines tested): C17G10 (0/5); C37G12 (0/3);
C41A6 (0/5); F59E12 (1/1); C08D10 (3/7); C25H3
(0/3).
(Bottom) An expanded view of cosmid
F59E12 showing a partial restriction map and
several predicted ORFs. Shown are the am-
plified sequence used for RNAi (F12.2RNAi),
the genomic sequence used to isolate zyg-1
cDNA (pKO-1e/s), and the intron/exon organi-
zation deduced from the sequence of the full-
length zyg-1 cDNA.
Data obtained from the C. elegans Sequencing Con- protein-coding region (Figure 5A). The zyg-1(oj7) allele
contains a G-to-A transition at position 1138 that con-sortium (1998) predicted thirteen open reading frames
(ORFs) on cosmid F59E12. To determine which of these verts arginine 371 to glutamine. The zyg-1(b1) allele con-
tains two mutations: one within the fourth intron and inORFs is zyg-1, we used RNA-mediated interference
(RNAi) to screen for a zyg-1 phenocopy (Fire et al., 1998). all likelihood a silent mutation, and the second a C-to-T
transition at position 1321 that converts proline 432 toWithin 18 hr of injection of F59E12.2 RNA, all hermaphro-
dites essentially produced only fertilized eggs that failed leucine. The zyg-1(it4) allele was found to contain a
C-to-T transition at position 1872 that converts gluta-to hatch (viability 5 0.2%, n 5 554 embryos, 14 broods).
Eight of these embryos were examined on the 4D im- mine 616 to a stop codon, resulting in truncation of the
last 91 amino acids. In addition, three other zyg-1 allelesaging microscope and found to exhibit a complete block
in centrosome duplication at the two-cell stage. At ear- were sequenced and found to have mutations in this
ORF (data not shown). We conclude that we have identi-lier times after injection, when embryonic lethality was
less penetrant, some of the animals that developed to fied the zyg-1 gene.
adulthood exhibited a strong sterile uncoordinated phe-
notype identical to that of zyg-1 mutants. These results zyg-1 Encodes a Protein Kinase
indicate that ORF F59E12.2 corresponds to zyg-1. Conceptual translation of the protein-coding region indi-
A 1,685 bp EcoRI-SpeI fragment comprising most of cates that zyg-1 encodes a protein of 706 amino acids
F59E12.2 was used as a probe to screen a mixed-stage with a calculated molecular weight of 79.4 kDa (Figure
cDNA library (Figure 4). We screened an estimated 3.5 3 5A). BLAST searches of current sequence databases
105 plaques, and identified 3 positive clones (pKO4, did not identify any homologs but revealed that the N
pKO5, and pKO6). Two of the clones were identical and terminus of ZYG-1 is similar to protein kinases (Figure
the third (pKO4) differed only in that it was slightly longer 5B). In ZYG-1 however, the nearly invariant glutamate of
at its 59 end. As none of the clones were deemed to be subdomain VIII is replaced by a glutamine. Phylogenetic
full length, we used 59 RACE (rapid amplification of cDNA analysis neither placed ZYG-1 in a particular kinase sub-
ends) to obtain the remainder of the cDNA sequence, family, nor indicated if ZYG-1 was more similar to serine-
including the SL1 transpliced leader sequence com- threonine or tyrosine kinases (Figure 5C).
monly found at the 59 end of C. elegans mRNAs (Blumen- We next wanted to know whether ZYG-1 was in fact
thal, 1995). Assembly of the full-length cDNA sequence a kinase and if this activity was required for centrosome
revealed the complete size to be 2364 bp, in good agree- duplication. We expressed wild-type ZYG-1 and a puta-
ment with the single 2.3 kb band detected by Northern tive kinase-dead version, K41M (Figure 5B) in insect
analysis (data not shown). Alignment with the genomic cells. The proteins were purified and tested for activity
sequence revealed that the zyg-1 cDNA comprises not in vitro. While neither protein phosphorylated any of
only ORF F58E12.2 but also part of the downstream several synthetic substrates (data not shown), wild-type
ORF F59E12.1 (Figure 4). The gene contains 7 exons ZYG-1 was able to undergo autophosphorylation (Figure
with a collagen gene entirely encoded on the opposite 5D), but the K41M mutant was inactive. Thus, ZYG-1
strand within the 4th intron (Figure 4). contains an active kinase domain.
To confirm identification of the zyg-1 gene, we se- To investigate the involvement of the kinase activity
quenced several of the mutant alleles. In each case, in centrosome duplication, we placed the genomic zyg-1
ORF under control of a germ-line specific promoter.we found a single point mutation within the predicted
Developmental Control of Centrosome Duplication
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Figure 5. ZYG-1 Is a Protein Kinase
(A) The complete ZYG-1 amino acid sequence with the kinase domain underlined. The positions and predicted codon changes of mutations
are shown above the corresponding amino acid residue. The sequence of the peptide used to raise antiserum is indicated by a double
underline.
(B) Alignment of the ZYG-1 kinase domain with that of other kinases. Identical residues are shaded in black, similar residues in gray. Star
indicates the conserved lysine that was mutated to produce the K41M mutant.
(C) Unrooted neighbor-joining phylogram of selected kinases.
(D) In vitro kinase assay. Left: Autoradiograph of fractionated kinase reactions using K41M mutant (lane 1) and wild-type (lane 2) ZYG-1
proteins. Single band in lane 2 is autophosphorylated ZYG-1. Right: Immunoblot with anti-His6 antibody of K41M mutant (lane 1) and wild-
type (lane 2) ZYG-1 proteins used in kinase assays.
Transgenic worms carrying the wild-type version exhib- the affinity-purified serum recognized an epitope that
transiently associates with spindle poles late in mitosis,ited strong rescue of the embryonic lethal phenotype:
47% of hermaphrodites produced some viable progeny apparently beginning in late anaphase and extending
through telophase (Figures 6A and 6B). Centrosomeat restrictive temperature (n 5 352 hermaphrodites, 4
independent lines). In contrast, 0% of worms carrying staining was never observed in interphase or prophase
cells (Figure 6C) and only variably during metaphasethe K41M version exhibited rescue (n 5 231 hermaphro-
dites, 2 independent lines), suggesting that kinase activ- (data not shown). Staining at spindle poles appeared
as one or two discrete dots at the very center of theity is essential for centrosome duplication.
centrosome, with two dots generally being present dur-
ing late telophase. Antibody specificity was verified byZYG-1 Localizes to Centrosomes
To determine the subcellular distribution of ZYG-1, we the absence of centrosome staining in zyg-1(it4) em-
bryos, which lack the peptide epitope against whichraised a polyclonal antibody to a synthetic peptide de-
rived from ZYG-1. By immunofluorescence microscopy, the antibody was raised (Figure 6D). While the antibody
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Figure 6. ZYG-1 Localizes to Centrosomes
Confocal projections of embryos stained for b-tubulin (red) and ZYG-1 (green).
(A and B) Spindles in one-cell (A) and two-cell (B) wild-type embryos with ZYG-1 localized to the poles. Some of the poles contain one dot
whereas others contain two dots (insets).
(C) Centrosomes in prophase do not stain for ZYG-1.
(D) Spindles in zyg-1(it4) embryos do not stain with the antiserum. Note that the sensitivity to the ZYG-1 signal has been increased in (C) and
(D) to emphasize the absence of centrosomal staining. Anterior to left in all panels. Bar, 10 mm.
also recognized other subcellular structures, only the while complete centrosomes contain a centriole pair.
Similarly, we have found that zyg-1 centrosomes containcentrosomal staining was deemed to be specific. Thus,
ZYG-1 appears to associate predominantly or exclu- an unpaired centriole, which does not arise from prema-
ture splitting, as occurs during quadripartition (Sludersively with centrosomes in a transient manner. That
ZYG-1 localizes as one or two highly focused dots, a and Rieder, 1985). Premature splitting would lead to
multipolar spindles, which we have never observed indistribution suggestive of centriolar association, indi-
cates that the timing of ZYG-1 localization coincides mutant embryos. Thus, we conclude that ZYG-1 acts
with centrosome duplication. during the centriole cycle to restore daughter centro-
somes to full reproductive capacity.
Regulation of centrosome duplication in embryonic andDiscussion
nonembryonic tissue is known to differ. For instance,
inhibition of protein synthesis blocks centrosome dupli-Using a combination of genetics and a variety of imaging
cation in somatic cells but not in embryos (Gard et al.,techniques, we have demonstrated that ZYG-1 is a key
1990; Phillips and Rattner, 1976; Sluder et al., 1990).regulator of centrosome duplication. By both functional
Because the controls that govern replication may beand structural criteria, the monopolar spindles in zyg-1
tailored to fit the growth strategies of different cells, itmutants contain half centrosomes. In their seminal quad-
is important to know if a factor under study provides aripartition experiments, Mazia et al. (1960) demonstrated
universally required activity or a specialized functionthat a complete centrosome behaves as a duplex of
needed only by cells in certain developmental contexts.two polar organizers. If experimentally split, each half-
Our previous work showed that ZYG-1 is requiredcentrosome can only organize a monopolar spindle. Full
throughout development (O’Connell et al., 1998). There-reproductive capacity and the ability to form a bipolar
fore, ZYG-1 is likely an essential component of the basicspindle are only regained after one additional cell cycle.
centrosome replication mechanism utilized by all cells.When paternal zyg-1 activity is blocked, an identical
The ZYG-1-dependent regulatory mechanism appearsseries of events is observed, and thus, centrosomes in
to represent an “intrinsic” layer of control, with ZYG-1zyg-1 mutants behave in a formally equivalent manner
operating at the level of the centrosome in a distinctlyto the half centrosomes of Mazia et al. (1960). Sluder
different manner than cell cycle regulators such asand Rieder (1985) subsequently demonstrated that each
half centrosome contains a single unpaired centriole Cdk2-E. Cdk2-E is required for both centrosome dupli-
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cation (Hinchcliffe et al., 1999; Lacey et al., 1999; Matsu-
moto et al., 1999; Meraldi et al., 1999) and cell cycle
progression (Strausfeld et al., 1996) and may coordinate
these two processes. Likewise, an SCF ubiquitin ligase,
which in budding yeast controls entry into S phase (Pe-
ters, 1998), has recently been shown to be involved in
regulating centrosome duplication in Xenopus (Freed et
al., 1999). In contrast, ZYG-1 appears to specifically
regulate duplication, as zyg-1 mutations uncouple dupli-
cation from cell cycle progression. Interestingly, the un-
coupling produced by zyg-1 mutations (duplication
blocked, cell cycle intact) is reciprocal to the uncoupling
produced when cells are arrested in S phase by inhibi-
tors of protein or DNA synthesis (duplication intact, cell
cycle blocked) (Balczon et al., 1995; Gard et al., 1990;
Sluder et al., 1990), further underscoring the duality of
regulation. Nonetheless, coupling must exist between
cell cycle control and intrinsic control. Inhibition of either
Cdk2-E or the SCF ubiquitin ligase blocks splitting of
centriole pairs (Freed et al., 1999; Lacey et al., 1999).
While this indicates that cell cycle control may be ex-
erted well upstream of the ZYG-1-dependent step, a
direct interaction between cell cycle regulators and
ZYG-1 remains possible.
Recently, several other factors that may act at an
intrinsic level have been identified. Overexpression of Figure 7. Maternal-Paternal Regulatory Scheme
the centrosome-associated kinase Nek2 causes prema-
(Left) In the wild-type, primary spermatocytes (18) undergo meiosis
ture splitting of centrosomes (Fry et al., 1998b). Both I to form two secondary spermatocytes (28). An intervening round
Nek2 and its substrate C-Nap1 localize to the proximal of centriole duplication ensures that each pole of the meiosis II
ends of centrioles (Fry et al., 1998a). C-Nap1 may func- spindle contains a pair of centrioles. Each pair is subsequently incor-
porated into a single sperm. Following fertilization, the sperm centri-tion as a tether between mother and daughter centriole
oles are replicated and the daughter centrioles organize the polesand Nek-2 may sever this connection through phosphor-
of the first mitotic spindle. Continued duplication and separation ofylation of C-Nap1. The role of g-tubulin in microtubule
centrioles ensures that each cell will assemble a bipolar spindle.
nucleation is well known, and during centrosome dupli- (Middle) In zyg-1pat embryos, male meiosis I completes normally
cation it could be required to nucleate centriolar micro- and centrioles separate. But, daughter centrioles are not formed,
tubules. Ruiz et al. (1999) have shown that basal body resulting in bipolar meiosis II spindles organized by centriole sing-
lets. Each singlet is packaged into a sperm and, following fertiliza-replication is blocked in Paramecium when expression
tion, maternal ZYG-1 converts the singlet to a centriole pair. A bipolarof g-tubulin is inhibited. While Nek2, C-Nap1, and g-tubu-
spindle is formed during the second cell cycle after the pairs sep-lin appear to have important roles in the centriole cycle,
arate.ultrastructural analysis of the defects caused by overex-
(Right) In zyg-1mat embryos, male meiosis I and II occur normally,pressing or inhibiting these proteins is necessary to con- resulting in the production of normal sperm. After fertilization, the
firm their roles in the duplication process. sperm-derived centriole pair separates and organizes a bipolar spin-
In the early embryo, both maternal and paternal zyg-1 dle. However, daughter centrioles are not formed, and during the
second cell cycle, centriole singlets organize monopolar spindles.are necessary for centrosome duplication and viability.
Differential control of maternal and paternal centro-
somes has been previously described. For instance, in
presumably allow meiosis I spindle poles to split andsurf clam zygotes, the microtubule-nucleating activities
bipolar meiosis II spindles to form, but would preventof maternal and paternal centrosomes are differentially
new daughter centrioles from forming, resulting in spermregulated (Wu and Palazzo 1999) and in C. elegans,
containing an unpaired centriole (Figure 7). In the em-only the paternal centrosome contributes to the zygotic
bryo, maternal zyg-1 would convert the singlet to a cen-lineage (Albertson, 1984). Our work provides the first
triole pair, but an additional cell cycle would be neededdescription of how the maternal and paternal activities
before the new pair could split and form a bipolar spin-of an essential duplication factor are coordinately con-
dle. Conversely, maternal zyg-1 is needed for continuedtrolled during fertilization. The paternal requirement for
duplication in the embryo. In its absence, the spermzyg-1 reflects its role in the male germ line, where it is
centriole pair could split and form a bipolar spindle,needed to assemble a daughter centriole prior to the
but thereafter assembly of bipolar spindles would belast meiotic division (Figure 7). Normally, the centriole
blocked (Figure 7).pair of each meiosis II spindle pole is incorporated within
The N-terminal region of ZYG-1 contains significanta sperm and delivered to the egg at fertilization (Albert-
sequence similarity to protein kinases. Interestingly, du-son and Thomson, 1993; Wolf et al., 1978), after which
plication of the yeast spindle pole body (SPB), the func-the pair splits and daughter centrioles are assembled,
tional equivalent of the centrosome, requires the Mps1giving rise to the first two spindle poles. Because split-
kinase (Winey et al., 1991), and somewhat analogous toting and replication are independent events (Mazia et
al., 1960), the absence of paternal zyg-1 activity would the effect of zyg-1 mutations on centriole duplication,
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imaging, we used a Bio-Rad MRC1024 microscope. To determinestrong mps1 mutations block daughter SPB assembly
the specificity of the ZYG1N.8R antibody for immunofluorescence,at an early step. Although the yeast SPB and animal cell
wild-type and zyg-1(it4) embryos were stained simultaneously withcentrosome are structurally diverse, microtubule nucle-
the same dilution of serum. The wild-type sample was examined
ation by both appears to involve a conserved mecha- first and used to adjust the channel gain and offset controls for
nism (Urbani and Stearns, 1999), and thus, some aspects optimal detection of the ZYG-1 antigen. The mutant sample was
of the duplication process may also be conserved. In then analyzed without further adjustment. Costaining with N357 con-
trolled for permeablization of the sample. For two-photon imagingfact, Middendorp et al. (2000) have recently provided
of GFP fluorescence in live specimens, embryos from b-tubulin:GFPevidence that centrin may play a conserved role in this
expressing mothers were imaged on a multiphoton optical worksta-process. It is therefore likely that ZYG-1 is a conserved
tion (constructed by D. Wokosin and J. White), equipped with a
regulator of centriole and centrosome duplication, and Ti:sapphire laser tuned to 900 nm. Images of a single focal plane
that identification of ZYG-1 interacting factors and po- were collected at 3 s intervals, and manual adjustment of the z axis
tential substrates will provide a powerful approach to was made during data acquisition to follow centrosomes and spindle
poles.unravel the complex regulatory mechanisms that govern
duplication and ensure inheritance of a single MTOC as
Microwave Fixation and Electron Microscopyevery cell’s birthright.
For each embryo sample, between five and ten 100 mm plates
containing many L4 hermaphrodites were incubated overnight atExperimental Procedures
258C. The next day, worms were floated off the plates in water and
Strains, Plasmids, and Genetic Methodology collected by low-speed centrifugation. To isolate young embryos,
All worm strains were derived from the wild-type Bristol strain N2 the adults were dissolved in basic hypochlorite (1% NaOCl and 0.5
and were maintained using standard techniques (Brenner, 1974). M NaOH) for 5–7 min at room temperature. Liberated eggs were
Wild-type worms were propagated at 208C, as was the noncondi- washed in M9 buffer (85.6 mM NaCl, 42.3 mM Na2HPO4, 22 mM
tional allele zyg-1(it4) (Kemphues et al., 1988), which was maintained KH2PO4, and 1 mM MgSO4), followed by centrifugation (3500 rpm,
as a heterozygote over the GFP-marked balancer mIs14 (obtained 1 min) three times. The embryos were treated for 5–7 min at room
from M.L. Edgley and D.L. Riddle). The temperature-sensitive alleles, temperature with 5 U/ml chitinase (Sigma) and 20 mg/ml chymotryp-
zyg-1(b1) (Wood et al., 1980) and zyg-1(oj7) (O’Connell et al., 1998) sin in M9 to remove the egg shell and render the embryos permeable
were maintained as homozygotes at the permissive temperature of to the fixative. The embryos were pelleted, washed in M9, then in
168C. The b-tubulin:GFP expressing line J2 was a kind gift of Susan 13 PHEM buffer (60 mM PIPES [pH 6.9], 25 mM HEPES [pH 6.9], 10
Strome and carried an extrachromosomal array containing plasmid mM EGTA, and 2 mM MgCl2). Finally, the embryos were suspended in
pJH4.66 from Geraldine Seydoux. Plasmid pJH4.66 contains a chi- 0.1 ml of the primary fixative (2% glutaraldehyde and 0.4% tannic
meric gene consisting of GFP coding sequence fused in frame to acid in 13 PHEM) then placed in a cold spot of a Pelco 3400 (800W)
the 59 end of the C. elegans C36E8.5 b-tubulin gene. Expression of microwave oven between two 500 ml water loads, and irradiated
the chimera is driven by promoter sequences derived from the pie-1 12 times at full power for 10 s each, allowing a 1 min cool down
gene. Rescuing plasmids pKK27.6 and pKK32.8 each contain a 4.5 period between each irradiation. The embryos were washed 3 times
kbp fragment encompassing the genomic zyg-1 ORF cloned into in 13 PHEM buffer and suspended in 0.1 ml postfixation solution
the BamHI site of pJH4.66. Plasmid pKK32.8 (encoding the K41M (1% osmium tetroxide, 0.5% K3Fe(CN)6 in 13 PHEM buffer). The
mutant) is identical to pKK27.5 except that codon 41 was changed samples were irradiated as before, four times for 10 s each, washed
from AAG (lysine) to AUG (methionine) using the QuikChange Kite three times in 13 PHEM buffer, and embedded in 2% low melting
(Stratagene). Baculovirus entry vectors pKK16 (wt) and pKK24 point agarose. Samples were cut into small blocks, and stained en
(K41M) each carry a 2.1 kbp fragment containing the ZYG-1 cDNA- block with 8% uranyl acetate for 75 min. Samples were microwave
derived ORF cloned between the BamHI and XbaI sites of pFASTBAC dehydrated through an acetone series (50%, 70%, 90% and 100%)
HTb (GIBCO). Meiotic mapping was performed using established irradiating at full power twice for 40 s for the first three steps and
methods (Brenner, 1974) and gave the following results: lin-31 (71/ three times for 40 s for the last step. Samples were irradiated at
74) zyg-1(3/74) clr-1; zyg-1 (5/54) lin-4 (49/54) unc-4. Paternal-effect 20% power for 10 min in a 1:1 mixture of resin (1:1 Epon 812 and
tests were performed by mating approximately 20 L4 males with 4 Spurr’s) and acetone, then three times for 10 min each in 100%
or 5 hermaphrodites on a single 35 mm plate for 24 hr. In cases resin. The samples were flat embedded in a 708C oven overnight
where mating was carried out at 258C, males were preincubated for and cut into thin (50 nm) serial sections on a Leica Reichert Ultracut
3 hr before addition of hermaphrodites. Viability of outcross off- S microtome. The sections were poststained at 608C, first in uranyl
spring was determined by transferring each mated hermaphrodite acetate for 15 min, then in lead citrate for 10 min. For fixation of
to a fresh plate and allowing them to lay eggs for 24 hr. After an sperm, decapitated hermaphrodites were bathed for 1 hr at room
additional 24 hr, the numbers of unhatched eggs and viable her- temperature in 2.5% glutaraldehyde, 0.1 M HEPES (pH 7.5), washed,
maphrodite and male offspring were determined. then incubated in 1% osmium and 0.1 M HEPES for 1 hr. The fixed
adults were then processed as described for embryos. All speci-
Antibodies, DNA Staining, and Immunocytochemistry mens were viewed on a Philips CM120 TEM.
The b-tubulin antibody N357 was purchased from Amersham Phar-
macia Biotech and the DNA stain OliGreen from Molecular Probes.
Molecular and Phylogenetic AnalysisZYG1C.8R, the affinity-purified polyclonal ZYG-1 antiserum, was
Cosmids were obtained from the C. elegans Sequencing Consor-produced by Quality Controlled Biochemicals, Inc. as follows: A
tium. Cosmid DNA was prepared using the QIAprept Spin Minipreppeptide corresponding to amino acids 613–629 of ZYG-1 was syn-
Kit (Qiagen Inc.) according to the manufacturer’s instructions. Forthesized, conjugated to keyhole limpet hemocyanin (KLH), and used
transformation rescue, a mixture of 0.1–1 mg/ml of each cosmidto immunize two rabbits. After several peptide boosts, the serum
and 100 mg/ml of plasmid pRF4 was microinjected into the syncytialfrom both rabbits reacted strongly to the immunizing peptide as
gonad of zyg-1(b1) hermaphrodites (Mello and Fire, 1995). Trans-measured in an enzyme-linked immunosorbent assay. The sera were
genic F1 animals exhibiting the dominant pRF4 roller phenotypeaffinity purified over an agarose column coupled to the ZYG-1 pep-
were selected from among the progeny of injected mothers. Sometide. One purified antiserum, ZYG1N.8R, was found to specifically
of these were able to found clonal lines in which the roller phenotyperecognize ZYG-1 in wild-type embryos. Indirect immunofluores-
was inherited in a quasistable manner. These lines were maintainedcence was performed as described previously (O’Connell et al.,
at 168C and roller animals transferred individually to 258C to test for2000).
rescue of zyg-1 defects. For RNAi experiments, RNA was prepared
from PCR-amplified templates as described (Tabara et al., 1999).Four-Dimensional, Confocal, and Two-Photon Microscopy
For F59E12.2, the template was produced with the primers 12.2FLive embryos were analyzed by four-dimensional (4D) digital micro-
graphy as previously described (O’Connell et al., 1998). For confocal (59-AAAGGTGGATTCGGCGTTGTA-39) and 12.2B (59-taatacgact
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cactataAGTGTTCTCTCGAGAAGATTACCGC-39), with the latter con- Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genet-
ics 77, 71–94.taining the 17 base T7 promoter (lower case) at the 59 end. The
amplified sequence corresponds to 32456–33269 of cosmid se- Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E., and
quence F59E12 (GenBank accession # AF003386). RNA was pro- Mello, C.C. (1998). Potent and specific genetic interference by dou-
duced in vitro with the MEGAscript T7 Kit (Ambion Inc.), dissolved ble-stranded RNA in Caenorhabditis elegans. Nature 391, 806–811.
in H2O, and microinjected into hermaphrodites. To isolate zyg-1 Freed, E., Lacey, K.R., Huie, P., Lyapina, S.A., Deshaies, R.J.,
cDNA, an oligo dT-primed mixed-stage C. elegans cDNA phage Stearns, T., and Jackson, P.K. (1999). Components of an SCF ubiqui-
library (lAE.1, kindly provided by A. Puoti and J. Kimble) was probed tin ligase localize to the centrosome and regulate the centrosome
with a 1685 bp EcoRI-SpeI DNA fragment of F59E12 that had been duplication cycle. Genes Dev. 13, 2242–2257.
isotopically labeled using the Prime-Itt II Kit (Strategene). For 59
Fry, A.M., Mayor, T., Meraldi, P., Stierhof, Y.D., Tanaka, K., and Nigg,RACE, we used RNA purified from an asynchronous population of
E.A. (1998a). C-Nap1, a novel centrosomal coiled-coil protein andworms and the 59/39 RACE Kit (Boeringer Mannheim) according to
candidate substrate of the cell cycle-regulated protein kinase Nek2.the manufacturer’s instructions. Automated DNA sequencing was
J. Cell Biol. 141, 1563–1574.performed at the UW Biotechnology Center on an ABI 377XL se-
Fry, A.M., Meraldi, P., and Nigg, E.A. (1998b). A centrosomal functionquencer. For sequencing of mutant alleles, PCR-amplified genomic
for the human Nek2 protein kinase, a member of the NIMA familyDNA served as template. Amino acid alignments were computed
of cell cycle regulators. EMBO J. 17, 470–481.using SEQED, PILEUP, and LINEUP from Wisconsin Package Ver-
sion 10, Genetics Computer Group (Madison, WI). Phylogenetic Gard, D.L., Hafezi, S., Zhang, T., and Doxsey, S.J. (1990). Centro-
analysis of the alignments was done using PAUP Version 4.0 for the some duplication continues in cycloheximide-treated Xenopus blas-
PPC (Swofford, 1998). tulae in the absence of a detectable cell cycle. J. Cell Biol. 110,
2033–2042.
Kinase Assays Heald, R., Tournebize, R., Blank, T., Sandaltzopoulos, R., Becker, P.,
Recombinant baculovirus was produced using the GIBCO BAC-TO- Hyman, A., and Karsenti, E. (1996). Self-organization of microtubules
BACt system per manufacturer’s instructions. Confluent Sf21 cells into bipolar spindles around artificial chromosomes in Xenopus egg
were infected with recombinant virus, grown for 48 hr, and harvested. extracts. Nature 382, 420–425.
Cell pellets were resuspended in L/W Buffer (20 mM Tris [pH 8.0], Hinchcliffe, E.H., Li, C., Thompson, E.A., Maller, J.L., and Sluder, G.
500 mM NaCl, 1% NP-40, 10% glycerol, 15 mM imidazole, 1 mM BME, (1999). Requirement of Cdk2-cyclin E activity for repeated centro-
1 mM PMSF, 5 mM b-glycerol phosphate, 0.5 mM Na4VO3, 15 mM some reproduction in Xenopus egg extracts. Science 283, 851–854.
NaF, and 1 complete protease inhibitor tablet (Roche) per 10 ml),
Jackson, P.K., Chevalier, S., Philippe, M., and Kirschner, M.W.dounce homogenized, and centrifuged at 12,500 3 g for 15 min.
(1995). Early events in DNA replication require cyclin E and areThe extract was incubated with Ni-NTA beads (Qiagen) at 48C for 4
blocked by p21CIP1. J. Cell Biol. 130, 755–769.hr. The beads were washed in L/W buffer and bound proteins eluted
Kemphues, K.J., Kusch, M., and Wolf, N. (1988). Maternal-effectwith L/W buffer containing 250 mM imidazole. For kinase assays,
lethal mutations on linkage group II of Caenorhabditis elegans. Ge-purified proteins were incubated in 40 mM HEPES (pH 7.5), 10mM
netics 120, 977–986.MnCl, and 0.1 mM EGTA in the presence of 3 mM [g-32P]-ATP (50
mCi) for 10 min. Reactions were stopped by addition of loading Khodjakov, A., Cole, R.W., Oakley, B.R., and Rieder, C.L. (2000).
buffer, fractionated by SDS-PAGE, and analyzed with a Molecular Centrosome-independent mitotic spindle formation in vertebrates.
Dynamics PhosphorImager. Curr. Biol. 10, 59–67.
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